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ABSTRACT 
 
 
Adobe (mud bricks) has been used in the construction of low cost housing as well as historical 
monuments. But, traditional adobe construction responds very poorly to earthquake ground motions, 
suffering serious structural damage or collapse, and causing a significant loss of life and property. 
Seismic strengthening of adobe constructions have been investigated by many researchers for the last 
few decades. 
This dissertation reviews various strengthening methodologies adopted by various researchers all 
over the world. This thesis proposes a strengthening methodology in which a mortar layer with 
polyethylene nets in the middle are plastered to either side of the structural member. 
The effectiveness of this methodology has been verified with shake table tests on wall and column 
specimens. Two control specimens and two reinforced specimens of walls and columns were tested in 
shake table. 
During moderate shaking, the detachment of bricks occurs in the unreinforced specimens but the 
reinforced specimens withstood the shaking with minor cracking. The confinement by the reinforced 
mortar (on either surface of the member) greatly affects the response of the reinforced specimen over 
the control specimen.  
The processing of the responses to the random excitations was carried out in accordance with the 
basics of Digital Signal Processing. The comparison of the result reveals that the reinforcing system is 
found very much effective in adobe constructions.  
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Zesílení konstrukcí z nepálených hliněných cihel ze seismického hlediska 
 
 
Nepálených cihel bylo a stále je využíváno při stavbách méně nákladných domů i historických 
monumentů. Protože konstrukce z tohoto materiálu jen velmi slabě odolávají zemským otřesům, což 
vede k vážný poškozením majetku, nebo dokonce ke ztrátám na životě, prosazují se i v posledních 
letech metody, které vedou k zesilování a redukci nežádoucích zemětřesných účinků, a které jsou 
dokumentovány v odborné a vědecké literatuře posledního desetiletí.  
Tato diplomová práce přináší recenzi a hodnocení různých metod zesilování, které jsou ve světě 
uplatňovány. Ve své hlavní části popisuje a využívá metodiku zesílení, která spočívá ve vyztužení 
zdiva polyethylenovými sítěmi připevněnými k oběma stranám zdi. 
Účinnost této metodiky byla ověřena testy chvění na vzorcích zdí a sloupů, provedených na vibračním 
stole ÚTAM. Dva kontrolní a dva vyztužené vzorky zdí a sloupů byly zatíženy náhodným seismickým 
signálem.  
Experimenty prokázaly dobrou účinnost výztuže. Již při vibracích s mírnými intenzitami dochází u 
nevyztužených vzorků k časným trhlinám oddělování jednotlivých vrstev zdiva, vyztužené vzorky 
odolávají otřesům a nedochází k desintegraci zděného prvku. Vliv zesíleného zdiva je zřejmý a je v 
práci rovněž diskutován. 
Odezva konstrukce na náhodné buzení byla stanovena v souladu se základy číselného zpracování 
signálů. 
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भूकंपी भार के 
खलाफ एडोब नमाण के संरचनामक तव का सुढ़ करण 
 
 
एडोब (मी क ट) कम लागत के आवास के नमाण के साथ ह साथ ऐतहासक मारक म!इतेमाल 
#कया गया है. ले#कन, पारंप(रक एडोब नमाण भूकंप भूम गत को बहुत खराब जवाब, गंभीर 
संरचना/मक 0त या पतन पी1ड़त है, और जीवन और संपि/त का एक मह/वपूण नकुसान के कारण. 
एडोब नमाण के भूकंपी सु5ढ़करण 7पछले कुछ दशक के लए कई शोधकताओं >वारा क गई जांच क 
है. 
यह नबधं 7वभ?न मजबतू बनाने के पूरे 7व@व म! 7वभ?न शोधकताओं >वारा अपनाई के तरके क 
समी0ा. इस शोध के एक मजबतू बनाने कायBणाल म! जो बीच म! पॉलथीन के जाल के साथ एकमोटार 
परत संरचना/मक सदय के दोन ओर से मदहोश कर रहे हD का Bताव है. 
इस पEत क Bभावशीलता को Fहला दवार और कॉलम नमून पर मेज पर0ण के साथ स/या7पत #कया 
गया है. दो नयंGण नमून और दवार और तभं के दो Bबलत नमून Fहला तालका म!पर0ण #कया 
गया. 
मHयम झटक के दौरान, ट क टुकड़ी संयKुत राLM Bबलत नमून म! होता है ले#कन Bबलतनमून 
नाबालग खुर के साथ मलाते हुए झेल. Bबलत मोटार (सदय के दोन सतह पर) >वाराBसूत बहुत 
नयGंण नमूना ऊपर Bबलत नमूना क Bत#Oया को Bभा7वत करता है. 
या5िPछक कंपन के लए Bत#Oयाओ ं के Bसंकरण के बाहर 1डिजटल सQनल Bोसेसगं क बुनयाद 
बात के अनसुार #कया जाता था. प(रणाम क तुलना से पता चलता है #क मजबूत Rयवथाबहुत Sयादा 
एडोब नमाण म! कारगर पाया जाता है. 
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1. INTRODUCTION 
 
1.1 Overview 
Adobe, or mud brick, is one of the oldest and most ubiquitous of building materials. It is a low-cost, 
readily available construction material manufactured by local communities. Adobe structures are 
generally self-made because the construction practice is simple and does not require additional 
energy consumption. In addition to its low cost and simple construction technology, adobe 
construction has other advantages, such as excellent thermal and acoustic properties. 
But, traditional adobe construction responds very poorly to earthquake ground motions, suffering 
serious structural damage or collapse, and causing a significant loss of life and property. Seismic 
deficiencies of adobe construction are caused by the heavy weight of the structures, their low strength, 
and brittle behavior. During strong earthquakes, due to their heavy weight, these structures develop 
high levels of seismic forces they are unable to resist, and therefore they fail abruptly. 
1.2 Need for the study 
The seismic upgrading of historic buildings has predominantly two distinct goals: (1) seismic retrofitting 
to provide adequate life-safety protection, and (2) preserving the historic (architectural) fabric of the 
building. (Tolles et al., 2000). The importance of first goal against the second one is much more 
because of the reason that the first one deals with the life safety of humanity where as the second one 
takes into account the cultural value. 
1.3 Outline of the thesis 
This thesis aims to understand the seismic behaviour of adobe structural elements. For this, shake 
table experimental studies have been carried out on structural elements of adobe constructions such 
as columns and walls (un-reinforced and reinforced). This session gives an outline of the thesis. 
Chapter 1 discusses the need for the present investigation of strengthening of adobe constructions 
against seismic loads. 
Chapter 2 deals with a brief background of the behaviour of adobe buildings to earthquake. This 
chapter is devoted to understand the basic concepts of behaviour of adobe as a construction material, 
its behaviour to earthquake loads and the basic methodologies of reinforcing. 
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Chapter 3 reviews and summarizes the works carried out in seismic strengthening of adobe walls over 
the years by various researchers.  
Chapter 4 explains the properties of the materials used in the preparation of the specimens. The 
details of large wall specimens, preliminary cyclic test procedure and the results of these experiments 
are explained in this chapter.  
Chapter 5 deals with the main experimental program of this thesis, the shake table tests. It focuses on 
the experimental investigations carried out in structural elements of adobe buildings, columns and 
walls, un-reinforced (control) and reinforced specimens to seismic excitations (created with random 
signals). The experimental setup and test procedure is explained in this chapter.  
Chapter 6 discusses the results of the shake table tests being carried out. The variation of some of the 
properties to the increased level of amplitude of excitations is discussed in each session. 
In Chapter 7, the summary of the works carried out and the major conclusions of this study are 
explained. It also recommends scope for future work. 
Chapter 8 (Reference) lists the various literatures that are being referred to in this study. 
In the appendix, the Matlab code, the results of the program and the plots have also been added in the 
end. 
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2. BACKGROUND OF THE WORK 
2.1 Introduction 
Adobe has become an important building material in many parts of the world because it is extremely 
well suited to the hot, dry climates and treeless landscapes. Adobe has many favorable characteristics 
for construction of buildings in arid regions: it provides effective thermal insulation, the clayey soil from 
which adobe bricks are made is ubiquitous, the skill and experience required for building adobe 
structures is minimal, and construction does not require the use of scarce fuel and so on. As a 
consequence of their age, design, and the functions they performed, surviving historic adobe 
structures are among the most historically and culturally significant structures in their communities. 
Adobe mud blocks are one of the oldest and most widely used building materials. It is estimated that 
around 30% of the world’s population lives in such earthen dwellings. Approximately 50% of the 
population in developing countries, including the majority of the rural population and at least 20% of 
the urban and suburban population lives in earthen dwellings. By and large, this type of construction 
has been used mainly by low-income rural populations. (WHE Tutorial 2006).  
 
 
Figure 2.1 - World distribution of earth architecture (WHE Tutorial, 2006) 
 
The use of adobe is very common in some of the world’s most hazard-prone regions, traditionally 
across Latin America, Africa, Indian subcontinent and other parts of Asia, Middle East and Southern 
Europe (WHE Tutorial, 2006) (Figure 2.1). It should also be understood that the earthen constructions 
are quite common in areas of moderate and high seismic zones around the world (WHE Tutorial, 
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2006) (Figure 2.2). Figure 2.3 shows world distribution of earth architecture in seismic regions 
developed originally by De Sensi (2003), reported in a Spanish document and adapted by Pollak 
(2009). 
 
 
Figure 2.2 - World distribution of moderate and high seismic risk (WHE Tutorial, 2006) 
 
 
Figure 2.3 - World distribution of earth architecture in seismic regions (Pollak, 2009) 
2.2 Advantages and disadvantages of adobe 
Before understanding the behaviour of adobe constructions, it is imperative to understand why the 
earthen construction has gained much attraction over the other constructions. The advantages of 
adobe as a building material include: 
• Low cost (constituent materials are usually free and labour is family based) 
• No specialist skills required, easy to work with 
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• Energy efficient 
• Durable 
• Ecologically sustainable (materials are natural and could be recycled) 
• High thermal capacity 
It is also important to understand the disadvantages of adobe as a building material: 
• Vulnerable to damage by earthquake (low strength and brittle mode of failure) 
• Labour intensive and slow construction process 
• Susceptible to water damage 
2.3 Adobe as a construction material 
An earthen building draws its raw material from the ground on which it stands and eventually returns 
to the earth— the ultimate recyclable and renewable resource. Probably the first of humankind’s 
building materials; earth has been in continuous use in various guises throughout history and on every 
continent. Adobe may be the simplest way, among many distinct ways in which earth has been used 
to construct human habitations. Mud brick was widely adopted as a building material: the simplicity of 
the technology and perhaps absence of timber or kilns as well as the bright sunshine and dry desert 
air were highly conducive to its use. 
Adobe masonry walls are built up using unfired earthen bricks that are set in a mud mortar. The soil 
used for the bricks typically has a clay content that ranges from 10% to 30%, and organic material 
such as straw or manure is usually added before the bricks are formed. The organic material helps to 
reduce shrinkage and to minimize the formation of shrinkage cracks that usually occur as the bricks 
dry. The mortar is usually composed of the same soil material as the bricks, but it may not contain 
similar organic materials. Mortar is almost always weaker than bricks because rapid drying during 
building erection can lead to shrinkage and cracking of the mortar. 
2.4 Construction of adobe buildings 
Architectural characteristics of adobe constructions are similar in most countries: the rectangular plan, 
single door, and small lateral windows are predominant. Quality of construction in urban areas is 
generally superior to that in rural areas. The foundation, if present, is made of medium to large stones 
joined with mud or coarse mortar. Walls are made with adobe blocks joined with mud mortar. 
Sometimes straw or wheat husk is added to the soil used to make the blocks and mortar. 
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The size of adobe blocks varies from region to region. In traditional constructions, wall thickness 
depends on the weather conditions of the region. Thus, in coastal areas with a mild climate, walls are 
thinner than in the cold highlands or in the hottest deserts (Figure 2.4). The roof is made of wood joists 
(usually from locally available tree trunks) resting directly on the walls or supported inside indentations 
on top of the walls. Roof covering may be corrugated zinc sheets or clay tiles, depending on the 
economic situation of the owner and the cultural inclinations of the region (Blondet et al., 2005). 
 
  
Figure 2.4 - Typical adobe houses in (a) the coastal area (b) the highland area 
 
A traditional adobe house that exhibits good seismic behavior is the bhonga type, typical of the 
Gujarat state in India. It consists of a single cylindrically shaped room with conical roof supported by 
cylindrical walls. It also has reinforcing bonds at the lintel and collar level, made of bamboo or 
reinforced concrete (Figure 2.5) (Blondet et al., 2005). 
 
 
Figure 2.5 - Typical adobe bhonga in India 
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2.5 Behaviour of adobe buildings 
It is normal for adobe building walls to be cracked as a result of unexpected loading due natural 
disasters, the shrinkage, inadequate foundations, and/or differential settlement. Part of the cultural 
tradition in the areas where adobe buildings are the vernacular architecture is to repair cracks 
periodically when renewing the mud-plaster surface finishes. Over the years, adobe structures may 
have undergone major additions and modifications and the building configuration may have been 
changed considerably. During moderate to major earthquake ground motions, most adobe buildings 
have experienced additional cracking, and the repair of such structures was an integral part of local 
tradition and culture. 
The fundamentals of adobe’s post-elastic behavior are entirely different from those of ductile building 
materials because adobe is a brittle material. Once a typical unreinforced adobe wall has cracked, the 
tensile strength of the wall is completely lost, but the wall can still remain standing and can carry 
vertical loads as long as it remains upright and stable. Cracks in adobe walls may result from seismic 
forces, from settlement of the foundation, or from internal loads, such as roof beams. Typically, historic 
adobe walls are quite thick and therefore difficult to destabilize even when they are severely cracked. 
Support provided at the tops of the walls by a roof system may add additional stability to the walls, 
especially when the roof system is anchored to the walls. 
2.6 Behaviour of adobe buildings to earthquake 
It has been understood that earthquakes pose a very real threat to the continued existence of adobe 
buildings because the seismic behavior of mud brick structures is usually characterized by sudden and 
dramatic collapse.  
The vulnerability of many original adobe constructions to damage or destruction from the past 
earthquakes has been of serious concern to those responsible for safeguarding the cultural heritages 
as well as low cost constructions. Adobe and other forms of unreinforced masonry construction are 
proven ‘‘serial killers’’ in many earthquakes worldwide. Traditional adobe construction responds very 
poorly to earthquake ground shaking, suffering serious structural damage or collapse, and causing a 
significant loss of life and property.  
Historic adobe buildings were usually built with thick walls but had a roof system that was poorly 
attached to the walls. The thick walls of historic adobe buildings are important features that enhance 
seismic stability; however, the roof should always be properly attached to the walls. From an 
engineering perspective, the characteristically unique stability of adobe buildings can only be fully 
realized if the walls are permitted to crack during movements caused by an earthquake. In fact, it is 
virtually impossible to prevent adobe buildings from cracking under these circumstances. It is therefore 
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imperative that the theoretical basis for an engineering analysis include consideration of the dynamic 
performance of cracked adobe structures. 
Seismic deficiencies of adobe construction are caused by the heavy weight of the structures, their low 
strength, and brittle behavior. During strong earthquakes, due to their heavy weight, these structures 
develop high levels of seismic forces they are unable to resist, and therefore they fail abruptly. 
Considerable damage and loss of life has occurred in areas where these materials were used. Typical 
patterns of damage have been identified in several reports in the World Housing Encyclopedia (Figure 
2.6). 
 
 
Cracking and separation of adobe walls –  
1997 Jabalpur, India earthquake 
 
Out-of-plane wall collapse –  
1996 Nazca earthquake, Peru 
 
Cracking and separation of adobe walls –  
1997 Jabalpur, India earthquake 
 
Crushing of adobe walls –  
1997 Jabalpur earthquake, India 
 
Figure 2.6 - Typical patterns of earthquake damage (as Illustrated in Reports in EERI/IAEE World 
Housing Encyclopedia) 
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2.7 Damage patterns and failure mechanisms in adobe buildings 
Typical modes of failure during earthquakes are: severe cracking and disintegration of walls, 
separation of walls at the corners, and separation of roofs from the walls, which, in most cases, leads 
to collapse (Dowling, 2006). Common failure modes of adobe structures are highlighted in Figure 2.7 
(Smith et al, 2009) and Figure 2.8 (WHE Tutorial, 2006) 
 
 
Figure 2.7 - Common failure mechanisms for adobe structures (Smith et al., 2009): (i) separation of 
walls at corners; (ii) diagonal cracking in walls; (iii) separation of roofing from walls; (iv) vertical 
cracking in walls; (v) out-of-plane wall failure 
 
Figure 2.8 - Typical modes of failure in adobe structures (CENAPRED) (Blondet et al., 2005, WHE 
Tutorial, 2006) 
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2.7.1 Vertical cracks at corners and overturning of facade 
The most common failure observed in earthen buildings, especially in those with thin walls, is the 
overturning of the façade walls and their collapse. The earthquake forces in an orthogonal wall system 
results in low displacements for the in-plane walls (shear walls) but large displacements in the out-of-
plane walls (transverse walls) because of the weak resistance to bending and overturning. The large 
relative displacement between shear and transverse walls induces stresses at the connection of the 
walls (highest stresses at the top). Cracking starts from the top and runs in the vertical direction 
(Figure 2.9) (Dowling, 2006). 
 
Figure 2.9 - Vertical cracking due to (a) shear (b) tearing and (c) state of impending overturning 
(Dowling, 2006) 
The walls usually collapse as follows: first vertical cracks appeared on the wall’s corners causing the 
adobe blocks in that area start to break and fall (Figure 2.10 (a)). This triggered the walls to disconnect 
until finally the façade wall turned over (Figure 2.10 (b)) (Blondet et al., 2008).  
A few other features which accelerates this type of damage are large roof mass (generates larger 
seismic forces), poor block arrangement, thin walls (generates lower resistance), long walls (generates 
larger displacements in out-of–plane direction). 
       
Figure 2.10 - (a) Vertical cracks in the wall’s corner, (b) Collapse of the façade walls in adobe 
buildings. 
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2.7.2 Cracks at corners 
This type of failure mechanisms start with a vertical corner crack induced by shear or tearing stress. 
The lack of fixity at the corners allows greater out-of-plane displacement of the wall panels, which 
generates a greater pounding impact with the orthogonal wall. An oblique seismic force will cause both 
orthogonal walls to respond result in greater pounding impact (Figure 2.11 & Figure 2.12). 
This is generally initiated by the vertical corner crack and the exacerbation features for vertical corner 
cracks are applicable to this also. In addition to the above, poor anchoring of roof to walls, lack of 
connection at the corners also accelerates this failure mechanism. (Dowling., 2006). 
 
 
Figure 2.11 - Mechanism of failure- corner crack (Dowling., 2006) 
 
Figure 2.12 - Cracks at the corner of an adobe building 
 
2.7.3 Diagonal cracks 
The large in-plane shear forces generate tensile stresses at 45 degrees causing single-direction 
inclined cracks in monotonous loading and X pattern cracks in cyclic loading. This type of failure 
pattern is also caused by the out-of-plane deformation due to bending which results in ‘bulging’ (of a 
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complete wall panel or a part of it between openings) and generates X cracking (Figure 2.13 & Figure 
2.14).  
The features which accelerate this type of failure is poor block arrangement and poor connection 
between blocks, thin walls (small shear resistance), slender walls (large height-thickness ratio), long 
walls (weak out-of-plane resistance), presence of large openings (induces high stress concentrations). 
(Dowling., 2006). 
 
Figure 2.13 - Inclined cracking in wall due to (a) bulging and (b) in-plane shear (Dowling., 2006) 
 
Figure 2.14 - Diagonal cracks of adobe buildings 
2.8 Strengthening methodology in adobe buildings 
The flexural failure mode largely being the common and likely to happen, the strengthening 
procedures have been focused mainly to achieve a proper connection between the walls, to increase 
their strength and stiffness normally to their planes and to improve the connection between the roof 
and wall and the in-plane stiffness of the walls. (Meli et al., 1980). 
IAEE manual titled ‘Guidelines for earthquake resistant non-engineered construction’ suggest that 
strengthening procedures should aim at one or more of the following (IAEE Guideline, 1986): 
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• Increasing the lateral strength in one or both directions. 
• Ensuring proper connection between its resisting elements. 
• Eliminating features that are sources of weakness or of concentration of stresses. 
• Avoiding the possibility of brittle failure mode. 
2.9 Improved earthquake performance of adobe constructions 
Adobe construction still continues to be used in high-risk seismic areas of the world mainly due to 
economical reasons. Development of cost-effective building technologies leading to improved seismic 
performance of adobe construction is of utmost importance to the substantial percentage of the global 
population that lives in adobe buildings. Based on the state-of-the-art research studies and field 
applications, the key factors for the improved seismic performance of adobe construction (WHE 
Tutorial 2006) are (1) Adobe block composition and quality of construction, (2) Robust layout; and (3) 
Improved building technologies including seismic reinforcement. 
2.9.1 Adobe block composition and quality of construction 
Various key factors which affect the performance of adobe constructions in terms of adobe 
composition and quality of construction are listed below: 
• Clay: the most important component of the soil; it provides dry strength and causes drying 
shrinkage of the soil. 
• Additives: straw and, to a lesser extent, coarse sand are additives that control micro-cracking 
of the mortar due to drying shrinkage, and therefore improve the strength of adobe masonry. 
• Construction: the quality of workmanship plays an important role in obtaining strong adobe 
masonry, resulting in the broad variations in strength on the order of 100%. 
2.9.2 Robust layout 
Key recommendations for achieving a robust layout are summarized below: 
• Use a compact box-type layout. 
• Build one-story houses, to the extent possible. 
• Use an insulated lightweight roof instead of a heavy compacted earth roof. 
• Arrange the wall layout to provide mutual support by means of cross walls and intersecting 
walls at regular intervals in both directions. 
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• Use buttresses wherever possible. 
• Keep the openings in the walls small and well-spaced. 
• Build on a firm foundation. 
Walls are the main load-bearing elements in an adobe building. A number of empirical 
recommendations regarding earthquake-resistant wall construction are as follows: 
• The wall height should not exceed eight times the wall thickness at its base, and in any case 
should not be greater than 3.5 m. 
• The unsupported length of a wall between cross walls should not exceed 10 times the wall 
thickness, with a maximum of 7 m. 
• Wall openings should not exceed one-third of the total wall length. 
• No opening should be wider than 1.2 m. 
• Provide piers of at least 1.2 m width between openings. 
2.9.3 Improved building technologies 
• Use of Horizontal and Vertical Reinforcement: The reinforcement can be made of any ductile 
material, including: bamboo, reeds, cane, vines, rope, timber, chicken wire, barbed wire, or 
steel bars. Vertical reinforcement helps to tie the wall to the foundation and to the ring beam 
and restrains out-of-plane bending and in-plane shear. Horizontal reinforcement helps to 
transmit the bending and inertia forces in transverse walls (out-of-plane) to the supporting 
shear walls (in-plane), as well as restraining the shear stresses between adjoining walls and 
minimizing vertical crack propagation. 
• Buttresses and Pilasters: Use of buttresses and pilasters in the critical parts of a structure 
increases stability and stress resistance. Buttresses act as counter supports that may prevent 
inward or outward overturning of the wall. Buttresses and pilasters may also enhance the 
interlocking of the corner bricks. 
• Ring Beam: A ring beam (seismic band) is generally made of concrete or timber and ties the 
walls in a box-like structure is one of the most essential components of earthquake resistance 
for adobe masonry construction. To ensure good seismic performance, a ring beam needs to 
be provided continuously like a loop or a belt and well tied to the walls and it must receive and 
support the roof. 
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2.10 Objective of the work 
The objective of this work is to highlight the importance of seismic strengthening of adobe 
constructions. It recapitulates a brief background of the behaviour of adobe buildings to earthquake. 
This work also reviews the various methodologies adopted in the past by various researchers to 
strengthen adobe construction against seismic loads.  
The behaviour of various structural elements such as walls & columns strengthened with 
polypropylene are investigated against seismic loads with shake table experiments.  
2.11 Scope of the thesis 
This thesis focuses on understanding the behaviour of structural elements of adobe constructions by 
experimental methods and the following areas were considered beyond the scope of this thesis: 
• Testing of full scale models or scaled models of the entire building.  
• Finite element modeling of adobe structural elements with polyethylene nets. 
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3. LITERATURE SURVEY 
3.1 Overview 
An increasing amount of research is being carried out investigating the reinforcing of adobe buildings 
and structural elements in order to increase their collapse time under seismic loading. In the last 30-40 
years, there has been a number of research projects focused on evaluating and improving the 
earthquake performance of adobe structures. This section will collate some of these methods and 
explore current research into their performance. 
There have been quite a number of research papers, manuals and publications which talks about the 
general masonry construction and reinforcement systems in them. Since this thesis deals only with the 
adobe brick masonry, these literatures are excluded from the literature survey.  
3.2 Major works in adobe masonry 
Dowling (2006) reports a comprehensive and exhaustive review of literatures. The author understands 
that the most notable research has been undertaken in Peru, Mexico, USA and Columbia. 
3.2.1 Engineering faculty at Catholic University of Peru (PUCP) 
The Catholic University of Peru’s (PUCP) Engineering Faculty has been working since the 70’s to 
study and develop new ways to improve earthen constructions by increasing their stability in seismic 
areas (Blondet et al., 2008). The following seismic reinforcement systems for adobe constructions 
were tested and developed since then: 
• 1975: Interior reinforcement made of natural cane mesh combined with a perimeter crown 
beam. 
• From 1994 to 1999: External electro-welded steel mesh plastered with cement and sand 
mortar, placed vertically in the corners and horizontally at the top part of the walls. 
• From 2004 to 2007: External polymer mesh applied to both the outer and inner faces of each 
wall, covered using mud stucco and combined with a perimeter crown beam made using wood 
and cane lintels. 
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The research work on the seismic resistance of earthen buildings carried out by this pioneer university 
in the last forty years has provided valuable input to the seismic design criteria stated in the various 
Peruvian adobe building codes (Torrealva et al., 2005). 
Various static tests of adobe walls have been undertaken such as out-of-plane flexural tests of wall 
panels, in-plane shear tests of wall panels, in-plane shear tests of I-shaped wall panels (Blondet et al., 
2005). The researchers in this organization has also carried out tilting table tests, by which eight 
model adobe houses were subjected to constant acceleration. They later carried out an extensive 
program of dynamic testing of U shaped wall panels and model houses reinforced with various 
reinforcing schemes such as internal cane reinforcement, external polymer mesh reinforcement, 
external plastic mesh, external cane and jute twine reinforcement etc. 
3.2.2 Institute of engineering at National university of Mexico 
There were a series of works being performed in the Institute of engineering at National university of 
Mexico to understand and compare various methodologies of reinforcing schemes (Meli et al., 1980). 
Seismic adobe research at this university started in 1970s with the aim of establishing bases for the 
evaluation of the safety of existing adobe buildings in the country and for the assessment of the 
effectiveness of different strengthening procedures. 
A series of static tests on different reinforcement configurations were undertaken by the researchers. 
Shake table testing of seven adobe houses with different reinforcement systems were also performed. 
Analytical studies using finite element method validated the experimental research. 
3.2.3 Stanford University, USA 
Research in adobe constructions at Stanford University, California started in 1980s. Shake table 
testing of six model adobe houses (1:6 scale) to study the dynamic behaviour of low strength masonry 
buildings and to evaluate the relative benefits of simple structural improvement techniques were 
carried out. The researchers also undertook a number of static tests of adobe prisms. It was 
concluded that collapse of adobe buildings can be delayed by adding simple but well-designed details 
such as anchored roof beams and bond beams that tie the walls together at the roof level. (Tolles, 
1989). 
Adobe research at Stanford University continued as part of Getty Seismic Adobe Project (GSAP). 
3.2.4 Getty Seismic Adobe Project 
Some of the most important adobe research to date has been undertaken as part of Getty Seismic 
Adobe Project (GSAP), sponsored by the Getty Conservation Institute. The goal of the project was to 
develop technical procedures for improving seismic performance of historic adobe structures 
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consistent with providing life safety and maintaining architectural, historic and cultural conservation 
values (Tolles et al., 2000). 
GSAP research has been involved in performing survey of damage to historic buildings after various 
earthquakes (Tolles et al., 1996), understanding seismic stabilization of historic adobe structures 
through shake table tests on adobe house models (Tolles et al., 2000), and preparation of guidelines 
for reinforcing of adobe structures (Tolles et al., 2002) . The retrofit systems tested (horizontal and 
vertical straps, ties, vertical centre-core rods, and improvements in the anchoring of the roof to the 
walls) proved to be successful in reducing the tendency of the model buildings to collapse (Tolles et 
al., 2000). 
3.2.5 University of the Andes, Columbia 
In the recent years, this university commenced research in adobe constructions. A series of static tests 
of adobe walls with different reinforcement configurations and shake table testing of three model 
adobe houses (1:5 scale) with different reinforcement systems were performed as part of their studies. 
Some finite element modeling of both walls and model houses using solid elements were also carried 
out (Yamin et al., 2004). 
3.2.6 University of Technology, Sydney, Australia 
Significant research works in adobe constructions started in the recent years. A new system of 
reinforcement with the use of bamboo poles as the vertical reinforcement has been proposed. Shake 
table tests on U shaped adobe wall units (scale 1:2) with the proposed reinforcement system and 
other conventional systems were performed (Dowling et al., 2005, Dowling, 2006). 
3.3 Manuals and guidelines 
Many manuals and guidelines have been published over the years. Some of the prominent ones are 
listed in this session. 
3.3.1  International Association for Earthquake Engineering (IAEE) 
IAEE published a manual titled ‘Guidelines for earthquake resistant non-engineered construction’ in 
1986 (IAEE Guideline, 1986). The revision of this document is in the draft form (IAEE Guideline, 
2010). The manual presents the basic concepts that determine the performance of constructions when 
subjected to high intensity earthquakes, as well as with the sensitivity of that performance to the basic 
geometrical and mechanical properties of the systems affected. This book also illustrates simplified 
design rules and practical construction procedures, both intended to prevent system collapse and to 
control the level of damage produced by seismic excitations. Emphasis is placed on basic principles 
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and simple solutions that can be applied to different types of structural systems, representative of 
those ordinarily used in low-cost housing construction in different regions and countries in the world. 
3.3.2 EERI/IAEE World Housing Encyclopedia 
World Housing Encyclopedia, hosted by the Earthquake Engineering Research Institute (EERI) and 
the International Association for Earthquake Engineering (IAEE), has published a tutorial titled 
‘Earthquake-Resistant Construction of Adobe Buildings: A Tutorial’. 
This document summarizes the performance of adobe construction in earthquakes, and discusses 
techniques to improve the performance of new construction, including key factors in adobe block 
composition, the importance of a robust layout, and the use of horizontal and vertical reinforcement, 
buttresses and pilasters and ring beams. The seismic strengthening of existing adobe buildings is also 
discussed. 
3.3.3 Other documents 
There are a few manuals, guidelines and papers which need to be mentioned.  
Non-engineered construction in developing countries –an Approach toward earthquake risk prediction 
(Arya., 2000): This document presents the major causes of severe damage observed in non-
engineered buildings. Methodology for seismic reinforcing of houses developed, implemented and 
verified by the author in the field is introduced. A practically feasible and economically viable scheme 
of earthquake resistant new building construction and seismic reinforcing of existing unsafe buildings 
is outlined. 
Construction manual for earthquake-resistant houses built of earth (Minke, 2001): The solutions 
proposed in this manual concentrate on low-cost single-story houses, built from earth in rural areas of 
earthquake-prone zones. 
Review of Non-Engineered Houses in Latin America with Reference to Building Practices and Self- 
Construction Projects (Papanikolaou et al., 2004): This report presents a review on non-engineered 
buildings with special consideration to earth based construction technologies. This report also 
documents the seismic performance of housing units in Latin America through case studies and field 
reports. 
3.4 Major reinforcing methodologies 
Several adobe earthquake-retrofitting techniques have been developed by organizations across the 
world and the appropriateness of each technique is dictated by the local topographical, economical 
and cultural conditions (Macabuag (2010)). Several reinforcement techniques developed at Peru, in 
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order to improve the seismic safety of earthen buildings, are then presented and compared by Blondet 
et al., (2007), Blondet et al., (2008). 
This session outlines various reinforcing methodologies, their significant features and the effects of 
these schemes experimentally obtained from various tests. 
3.4.1 Internal cane mesh reinforcement 
This reinforcement system has demonstrated excellent response in full-scale shaking table tests 
(Blondet et al., 1988). The reinforcement consists of vertical cane rods (spaced at 1,5 times the 
thickness of the wall) anchored to a concrete foundation and placed inside the adobe walls. Horizontal 
layers of crushed canes are placed every few adobe rows and tied to the vertical cane reinforcement. 
This internal cane mesh reinforcement is tied to a wooden crown beam (Figure 3.1). 
The model reinforced with an internal cane mesh suffered significant damage, but did not collapse, 
unlike the unreinforced model which collapsed completely. 
 
Figure 3.1 - Internal cane mesh reinforcement 
 
3.4.2 Ring beams reinforcement 
Use of ring beam (also known as a crown, collar, bond or tie beam or seismic band) that ties the walls 
in a box-like structure and the truss-like timber ties between the lintel and ring beam proved to be 
effective, based on the tests performed at the PUCP, Peru (Blondet, 2002) (Figure 3.2). 
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Figure 3.2 - Seismic performance of (a) unreinforced and (b) strengthened adobe building with internal 
cane reinforcement and ring beam 
3.4.3 External wire mesh reinforcement 
This technique consists of nailing wire mesh bands against the adobe walls and then covering them 
with cement mortar. The mesh is placed in horizontal and vertical strips, following a layout similar to 
that of beams and columns (Figure 3.3). 
This reinforcement system provided significant additional strength to adobe models under earthquake 
simulation tests. The mode of failure, however, was brittle. 
 
 
Figure 3.3 - External wire mesh reinforcement 
 
3.4.4 Bamboo reinforcement 
A novel reinforcement system has been proposed by Dowling et al., (2006), which can be readily 
implemented by rural homeowners in developing countries using locally available resources without 
the need for any external support. The system includes bamboo poles placed vertically against the 
walls, and connected through-wall string ties and strands of wire running horizontally. It has been 
shown that this system increases the collapse time of adobe structure but has little capacity to prevent 
cracking at low intensity ground motions. (Dowling et al., 2006) (Figure 3.4). 
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Figure 3.4 - Bamboo reinforced wall with ring beam, (Dowling et al., 2005) 
 
3.4.5 Reinforcing system of wire mesh confined with wooden panels 
This reinforcing system consists of reinforcement with wire mesh covered with lime based mortar, and 
confining reinforcement with wooden elements. These building were subjected to a series of tests on 
small specimens, full scale walls loaded on both directions, shaking table tests on 1:5 scale models 
and cyclic horizontal loading on 1:1.5 house models. It could be concluded that the confining 
reinforcement with wooden elements was found to be a promising alternative for the seismic retrofit for 
this type of constructions (Yamin et al., 2004) (Figure 3.5). 
 
Figure 3.5 - Strengthening with steel wire mesh confined with wood 
 
3.4.6 Polymer grid reinforcement 
Manzoni et al., (2008) developed a retrofitting system consisting of polymer grid (a stiff monolithic 
polymer grid with integral junctions, characterized by an isometric geometry) embedded into a thin 
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lime based mortar plaster. The system of Plaster reinforced with polymeric grid has been proven to be 
an effective, simple and a low-cost solution for the seismic performance enhancement (Figure 3.6). 
 
 
 
Figure 3.6 - Polymeric grid and its installation 
 
3.4.7 Polymer mesh reinforcement 
A study has been performed to evaluate the possibility of using polymer mesh to reinforce earthen 
buildings (Blondet et al., 2006). The reinforcement provided consisted of bands of polymer mesh tied 
to both sides of the walls with plastic string threaded through the walls.  
Several full-scale adobe housing models with different amounts and types of polymer mesh were 
tested on the unidirectional shaking table (Figure 3.7). The models were reinforced with different 
amounts of geomesh and they showed good dynamic response during the earthquake simulation 
tests. Although the adobe walls suffered some damage, collapse was avoided even during very strong 
shaking, the more damage being in the one with light reinforcement, as expected. 
    
Figure 3.7 - External geogrid mesh reinforcement (75% of walls covered) 
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3.4.8 Plastic mesh reinforcement 
The adobe model shown in Figure 3.8 was reinforced with bands of plastic mesh located in the 
regions where most damage was expected on the adobe walls (Blondet et al., 2006). The plastic mesh 
bands were tied to the walls with plastic string placed across the walls during construction. The 
shaking table tests on building model reveal that although the building suffered significant damage, 
collapse was averted. It could conclude that moderate amounts of strategically placed polymer mesh 
reinforcement can therefore be used to prevent the collapse of adobe buildings, even during severe 
earthquakes. 
 
    
Figure 3.8 - Adobe model reinforced with plastic mesh 
 
3.4.9 Polypropylene mesh reinforcement 
In this scheme of reinforcing system, polypropylene bands are arranged in a mesh fashion and 
embedded in a mortar overlay. These bands, which are commonly used for packing, are resistant, 
inexpensive, durable and worldwide available. Experimental investigations reveal that, although the 
reinforced wall peak strength was almost the same as that of the bare wall, its post-peak strength was 
larger and sustained for lateral drifts over 2% (Mayorca et al., 2004) (Figure 3.9). 
 
Figure 3.9 Adobe model reinforced with polypropelene mesh 
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3.4.10 Use of FRP 
The use of FRP has found to be effective in burnt bricks and has got extensive applications. But in 
adobe bricks, the application of FRP (in the form of FRP strips and FRP rods) in seismic strengthening 
has not been considered wide attention due to its less cost-benefit ratio. 
Tests carried out by Drdácký et al. (2003) concluded there is an increase of 25% in load carrying 
capacity of walls strengthened with exterior composite strips laminated on the wall surface (at 
horizontal (shear) loading). But they have also reported that this increase is not very important and the 
same improvement can be achieved using geo-nets, of course, here at much lower cost. 
3.5 Summary 
The recent heavy earthquakes in many parts of the world have increased interest in the methods of 
strengthening and reinforcement of masonry buildings, namely historic ones, by means of an exterior 
composite reinforcement. The understanding of the behaviour of each type is important prior to 
choosing one among them. 
The various methodologies of strengthening are summarized and consolidated in Table 3.1 based on 
the economic, sustainability and buildability criteria (Smith et al., 2006). 
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Table 3.1: Comparison of various retrofitting methodologies (Smith et al., 2004) 
Economic criteria 
Sustainability 
criteria Buildability criteria 
Surface treatment 
(shotcrete)  
Expensive due to the high cost 
of shot-creting system  
Use of concrete in 
small quantities is 
unsustainable.  
Application requires 
trained specialists.  
Stitching & 
grout/epoxy 
injection  
Minimal costs as the products 
are readily available and can 
be easily applied.  
Minimal amount of 
material required and 
very ‘light’ application. 
Little technical knowledge 
required. Materials can be 
easily transported, 
applied and removed.  
Re-pointing  Minimal costs as only require 
the manufacture of a stronger 
mortar.  
Minimal amount of 
material required and 
very ‘light’ application. 
Little technical knowledge 
required. Temporary 
works may be needed to 
support the structure.  
Bamboo 
reinforcement  
Cost of reinforcing ~ $225 for 
1000 sq. ft house, ($400 for 
steel reinforcement).  
Sustainable, if 
bamboo is 
responsibly sourced. 
Requires very little 
processing.  
Method is easily 
buildable, if fixed to 
external wall. Installation 
is quick to learn for local 
builders.  
Confinement  Cost-effective for application in 
new building. As a retrofit, 
requires demolition and 
reconstruction of wall.  
This is a relatively 
‘heavy’ engineering 
solution -
unsustainable.  
Application is very 
intrusive requiring 
demolition of wall 
sections.  
Polymer mesh 
reinforcement  
Industrial 
geogrid  
Mesh 
cost: 
$2/m²  
Application 
cost: 
$19/m²  
Polymer mesh 
requires use and 
processing of 
petrochemicals, which 
is not so sustainable.  
Industrial geo-grid: Tough 
nature of material and 
lack of flexibility makes 
application difficult.  
Soft 
polymer 
mesh  
Mesh 
cost: 
$0.5/m²  
Application 
cost: 
$4/m²  
Soft polymer mesh: Mesh 
can be easily deformed 
so transportation, 
application and removal 
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are easy.  
PP strip 
reinforcement  
Retrofit at an estimated 5% 
total cost of house.  
Plenty of scope for re-
use or recycling due 
to the massive 
volume of consumer 
goods.  
Retrofit is simple enough 
for application by local 
craftsmen and 
homeowners.  
Steel mesh cage  Costs $400 for 1000 sq. ft 
house.  
The manufacture of 
steel is unsustainable 
and disposal at the 
end of the design life 
is difficult.  
Steel cage can be 
attached to a building if 
specific instructions are 
given. Demolition of the 
steel mesh presents 
difficulties.  
Plastic net  Little cost due to the easy 
availability of plastic and the 
cheap cost of mortar to apply to 
the wall surface.  
Re-using plastic nets 
is considered a 
sustainable solution.  
The materials used are 
light and flexible. Very 
long time to construct the 
mesh.  
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4. PRELIMINARY EXPERIMENTAL PROGRAM 
4.1 Overview 
The strengthening methodology adopted in this study is with geo-nets, mechanically fastened by 
dowels to the masonry and then rendered with mortar. This method of strengthening using 
polyethylene nets can be applied for preventive strengthening of masonry in regions with high seismic 
risks, and also for general remedial work on masonry damaged by cracks (NIKER Technical Report 
4.3, 2011).  
The strengthening using polypropylene has been adopted in the current study over the various 
reinforcing methodologies explained in previous chapter, because of the following reasons: 
1. The cost-benefit ratio is quite high for this method. 
2. The material could be easily worked with. 
3. This method is very fast and doesn’t require the roof to be removed. 
4. It is effective in both existing as well as new constructions. 
5. It doesn’t increase the mass hence doesn’t increase the seismic force. 
6. Unlike providing a buttress, this retrofitting will not affect the functionality of the structure.  
7. It cannot be seen from outside if properly plastered, hence preserve the cultural value of the 
building. 
The effectiveness of this methodology needs to be validated with some experimental investigations. In 
order to perform this task, an extensive experimental work program is being carried out in Institute of 
Theoretical and Applied Mechanics (ITAM), Prague during these days.  
This thesis explains the preliminary experimental investigations performed on large walls to 
understand the behaviour of walls in the inplane direction. 
The second part of the experimental program deals with the shake table tests in small walls to 
understand the behaviour of walls in the out-of-plane direction. The shake table experiments were 
performed also on column specimens. 
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4.2 Experimental program 
The Institute of Theoretical and Applied Mechanics (ITAM) of the Academy of Sciences of the Czech 
Republic has been supported since 2000 as a European Centre of Excellence ARCCHIP (Advanced 
Research Centre for Cultural Heritage Interdisciplinary Projects) under 5th EC FP (INCO Programme). 
About 30 research workers, 12 PhD students and 30 technicians in the Institute are engaged in 
problems related mostly to civil and structural engineering with a strong focus on historic materials and 
structures. 
The Institute is located in Prague and has a detached laboratory in Telč – a World Heritage City – and 
in both localities as well as on several other important cultural heritage objects also monitoring and 
similar specifically tailored programmes studying cultural heritage sustainability take place. 
Appropriately equipped laboratories and test sites with database infrastructure are available. 
ITAM has been involved in many international projects dealing with problems of structural integrity, 
vulnerability, protection of architectonical heritage and seismic resistance of structures. The present 
investigation is a part of the research project ‘New Integrated knowledge based approaches to the 
protection of cultural heritage from earthquake-induced risk’, work package 4: Optimization of design 
for vertical elements. This project is carried out with the collaboration of 11 
Universities/institutes/research centers in European Union, ITAM being one among them. 
4.3 Material characterization 
The material properties for the adobe brick masonry and the polyethylene nets are described in this 
session. 
4.3.1 Geometric properties of adobe bricks 
The adobe bricks used for the test specimens are of size 240x115x71 (Figure 4.1). 
 
Figure 4.1 - Adobe brick used for test specimens 
The brick masonry is made with ordinary brick bond (Flemish bond, by altering headers and stretchers 
in one course). Bedding joints and vertical joints are generally be around 10 mm thick. 
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4.3.2 Engineering properties of adobe bricks 
In order to determine the modulus of elasticity and static load capacity of adobe bricks, the bending 
tests of four specimens were carried out on four specimens. All of the tested blocks had length 200 
mm. The rectangular cross-sections of blocks had various widths and heights changing from 28 mm to 
42 mm. The loading speed of the bending tests was chosen as 0.15 mm/min (NIKER Technical Report 
4.3, 2011). See figure 4.2. 
 
 
Figure 4.2 - The bending test of an adobe specimen 
 
All the specimens were loaded till the collapse of the blocks. The vertical force (F) was measured by 
dynamometer LUCAS 500N and the deflection (y) by LVDT HBM sensor. Typical variation of the 
applied load against measured deflection is shown in Figure 4.3. 
 
Figure 4.3 - Typical Load deformation curve 
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The equivalent modulus of elasticity E was determined from the chosen time interval in which the 
behavior of material was almost elastic. The regions of higher plasticity before cracking and regions 
with cracks were excluded from calculations. For selected time increment ∆t (10s) the values of the 
Young modulus of elasticity E were computed using formula: 
3
48
F lE
J y
∆ ⋅
=
⋅ ⋅ ∆
 
where 
∆F … is the increment of the loading force with time increment ∆t 
∆y … is the increment of the deflection with time increment ∆t 
The maximum value of modulus of elasticity E = 3.5 GPa from measurements of all specimens was 
determined.  
The static load capacities of blocks were calculated as: 
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An average value of static load capacity Rd = 1.8 MPa was computed. 
An average value of density of the adobe brick ζ = 2200 kg/m3 was determined by weighing all 
specimens. 
4.3.3 Properties of polyethylene net 
The properties of geonets (which is shown in Figure 4.4) are tabulated in Table 4.1 
 
Table 4.1 - Properties of polyester geonets 
Title Mesh sizes (mm) Tensile strength (kN/m) 
Tensile strength at 
Elongation at 
Normal Strength 
(%) 
2 % 
(kN/m) 
3 % 
(kN/m) 
5 % 
(kN/m) 
Miragrid 
GX35/35 
25 x 25 
35  
(both directions) 
7 9 13 10 
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Figure 4.4 - TENCATE Geosynthetics used for strengthening structural elements 
4.4 Experiments on large walls 
In order to understand the effectiveness of the reinforceing systems in the in-plane direction, an 
experimental program was performed on large walls. This is considered as a preliminary test which 
were carried out in order to get some vital information about the behaviour of reinforcement. 
The preliminary tests consist of in-plane shear tests on adobe masonry walls strengthened with 
polyethelene nets and subjected to a combination of compression and cyclic shear loading. A major 
part of the test program with failure patterns and interpretation of the results is reported in NIKER 
Project report and SAHC Master thesis by Garofano (2011). 
4.4.1 Experimental specimens 
Two large walls are made for experimental program; one control specimen and other one reinforced 
with mortar layers externally applied to the wall surface and reinforced with polyethelene net (Table 
4.2, Figure 4.5 and Figure 4.6). 
Table 4.2 - Description of specimens 
Reinforcing schemes 
Description and dimensions of test specimens 
Large Walls 
i) Without reinforcing (control/reference 
specimen) 
ABW1 (Adobe Brick Wall 1) - One 
Total dimension – 1050x240x1295 
i) Reinforced with polyethylene embedded in 
mortar (reinforced specimen) 
ABW3 (Adobe Brick Wall 3) - One 
Total dimension - 1050x240x1295 
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(a)       (b) 
Figure 4.5 - Dimensions of the large wall specimens (a) reference/control specimen (ABW 1) (b) 
reinforced specimen (ABW 3) 
 
     
(a)       (b) 
Figure 4.6 - Specimens at making (a) reference/control specimen (b) reinforced specimen 
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4.4.2 Experimental procedure 
The test specimens were mounted in a special testing rig and were subjected to simultaneous uniform 
compression and cyclic horizontal loading from the top. The constant vertical load was generated by 
four hydraulic jacks where as the horizontal force (displacement-controlled) on the top of the wall was 
introduced by a servo-hydraulic MTS actuator of 250 kN capacity (Figure 4.7). 
 
 
Figure 4.7 - Testing system for large walls 
 
The loading pattern that has been adopted in the testing of large walls is as follows. The first loading 
combination was only with the static vertical loading, evenly distributed across the cross-section to 
obtain the deformation characteristics of the masonry wall. 
Then, the vertical compressive load was combined with cyclic horizontal loading mode with a stepwise 
increase in the maximum cycling limits (Record 2 to 8). 
The horizontal force was displacement-controlled and was applied in the sinusoidal pattern as shown 
in Figure 4.8. For each step of loading, three cycles upto the maximum amplitude of the displacement 
imposed by the actuator in constant frequency of 0.1 was applied. 
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Figure 4.8 - Loading pattern for each step of application of the horizontal force 
 
The horizontal displacements at the bottom and top of the wall were measured. The diagonal 
deformations of four lines on both surfaces were also measured with the transducers in diagonal 
direction. The forces on the vertical hydraulic jacks were also recorded. The sequence of initiation and 
development of cracks on both surfaces were recorded in all loading steps using different colours and 
by photography. Loading was terminated in a moment when the force started to decrease at the 
controlled deformation. 
    
Figure 4.9 - Specimens at testing (a) unreinforced (b) reinforced with polyethylene nets (Far end view). 
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4.5 Results of tests on large walls 
The test results indicate that the adobe brick walls with reinforced mortar layers has much improved 
behaviour than their counterparts without reinforcements. The results are discussed in terms of the 
damage pattern, energy absorption capacity and the stiffness degradation. 
4.5.1 Damage patterns 
The damage patterns in the unreinforced and reinforced specimens are shown in Figure 4.10. As seen 
from Figure 4.10 (a), the failure in the unreinforced specimen follows a typical damage pattern in brick 
walls subjected to simultaneous compression and shear. It is to be noted that the cracks in the adobe 
brick walls penetrate through the brick due to the fact that the mortar and brick are of same 
constituents and failure occurs in the shortest path. This failure is quite opposite to the damage pattern 
in normal bricks in which the failure is mostly concentrated in the mortar (usually in stepped manner). 
This is the reason of typical sudden catastrophic failures on adobe brick walls. 
In the case of adobe walls strengthened with reinforcing mortar layers, there was not much damage in 
the in-plane direction (Figure 4.10 (b)). The damage was prominent in the out-of-plane direction as 
seen in Figure 4.11. The dislocation of the bricks in the out-of-plane direction is the pattern of damage 
in reinforced specimens. But the confining effect of the mortar layers reinforced with the polyethylene 
nets prevented the damage from propagating and the wall remained intact even after the final set of 
loading.  
It should also be noted that there was a detachment of the reinforced mortar layers from the wall 
indicating that the effectiveness of this reinforcing methodology depends on the bond between the 
reinforced mortar layer and the wall (Figure 4.11). 
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Figure 4.10 - Specimens after the final loading combination indicating the level of damage (a) 
unreinforced (b) reinforced with polyethylene nets (Near end view) 
 
 
Figure 4.11 – Reinforced wall after the final loading combination (Side view) 
 
4.5.2 Hysteresis curves 
The hysteresis curves (cyclic curves) for each set of loading for both specimens are shown in Figure 
4.12 to Figure 4.15.  
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Figure 4.12 - Cyclic curves for different steps of loading – ABW 1  
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Figure 4.13 - Cyclic curves for different steps of loading – ABW 3 
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Figure 4.14 - Complete cyclic curve for different steps of loading – ABW 1 
 
 
Figure 4.15 – Complete Cyclic curve for different steps of loading – ABW 3  
 
As seen from the above figures, the hysteresis curves are more widespread in the case of walls 
strengthened with reinforced mortar against the walls without any reinforcement. The energy 
absorption capacities of the walls are calculated in the next session. 
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4.5.3 Energy absorption capacity 
The energy absorption capacity of the specimens can be approximated as the area enclosed by the 
hysterisis loop (load-deflection curve). The variation of energy absorption capacity for each level of 
loading is shown in Figure 4.16. The energy absoption capacity increases monotonously in the 
reinforced specimen (ABW3) for all the stages of the loading. In case of unreinforced specimens 
(ABW1) , the values remain constant after stage 7 (the stage at which severe cracking starts).  
This lead to the conclusion that the reinforced walls are still capable in the in-plane-direction (because 
of the confining effect of reinforced mortars) evenif the specimen shows local damage in the out-of-
plane direction. 
The out-of-plane behaviour of the walls are quantified by the shake table experiments explained in the 
next chapters. 
 
Figure 4.16 – Variation of energy absorption capacity for each loading 
4.5.4 Stiffness degradation 
The stiffness degradation parameter is calculated by slope of the initial tangent to the hysteretic loop 
curve for each cycle. 
The stiffness degrades in the unreinforced specimen much faster than reinforced specimen after it has 
started cracking as seen from Figure 4.17 and Figure 4.18.  
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Figure 4.17 – Variation of stiffness (compression) for each loading 
 
 
Figure 4.18 – Variation of stiffness (tension) for each loading 
 
4.6 Concluding remarks 
The preliminary test on large walls reveals that the behaviour of the reinforced wall is good in in-plane-
direction. But the behaviour of walls against out-of-plane direction also needs to be quantified. The 
subsequent chapters explain the behaviour of small adobe walls in shake table tests. 
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5. SHAKE TABLE TESTS 
5.1 Overview 
The preliminary inplane tests on the large walls has yielded good results indicating the effectiveness of 
the reinforcing mortar layer against combined vertical and shear loads. The confining effect of the 
reinforced mortar layer was evident in their failure patterns which can be seen in the footage submitted 
with the electronic version of the thesis. 
It was necessary to investigate the effectiveness of reinforced mortar layer in the out-of-plane 
direction, quantitatively. Shake table tests were performed in small walls in the out-of-plane direction 
and columns. This chapter explains the experimental set-up, procedure and the description of 
specimens. 
5.2 Experimental setup 
The shake table used for the current study is shown in the following Figure 5.1. The specification of 
shake table is described below. 
 
Figure 5.1 - Shake table in ITAM 
 
• Uniaxial shake table (1.55 m x 1.25 m) with 
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o Maximum force = 2000 N 
o Frequency range = 0 - 40 Hz 
o Maximum acceleration (bare table) = 2g 
o Maximum velocity = 0.5 m/s peak to peak 
o Maximum Stroke = 150 mm (peak to peak) 
o Sine sweep control = linear or logarithmic 
o Sweep modes = single and repeated uni-directional 
o Four step programming with acceleration, velocity or displacement control 
• Vibration measurement instruments like 
o Uni-axial  accelerometers 
o 14 channel data recorder 
o LVDT sensors 
o Dual channel FFT analyser 
o Force transducer and Impact hammer 
5.3 Experimental specimens 
In order to study the performance of the developed reinforcing techniques in terms of ultimate 
capacities, energy absorption and deformability, two walls and two column specimens are made as 
described in Table X; i) Without reinforcing-control/ reference specimen, ii) With polyethylene nets on 
either side with NSM reinforcing schemes. The each specimen type was tested under series of 
simulated earthquake ground motion generated by random signals with frequencies 0.1 Hz to 40 Hz. 
The following Table shows the summary of reinforcing schemes: 
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Table 5.1 - Description of specimens 
Reinforcing schemes 
Description and dimensions of test specimens 
Walls Columns 
i) Without reinforcing 
(control/reference 
specimen) 
SAWV (Small Adobe Wall Virgin) - 
One 
Total dimension - 560x240x660 
In Table - 560x240x560 
ACV (Adobe Column Virgin) - 
One 
Total dimension - 240x240x1377 
In Table - 240x240x1200 
ii) With polyethylene net  
reinforcing 
SAWR (Small Adobe Wall 
Reinforced) - One 
Total dimension - 560x240x660 
In Table - 560x240x560 
ACR (Adobe Column Reinforced) 
- One 
Total dimension - 240x240x1377 
In Table - 240x240x1200 
 
  
(a) Total Dimension (b) In Table 
Figure 5.2 - Dimensions of wall specimens 
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(a) Total Dimension (b) In Table 
Figure 5.3 - Dimensions of column specimens 
5.4 Experimental procedure 
The experimental procedures in the column and wall specimens are designed in such a way that the 
maximum information about the various properties could be achieved. 
5.4.1 Wall specimens 
Both the specimens, SAWR and SAWV were placed in the out of plane direction in the shake table for 
carrying out the tests as shown in Figure 4.8. The position of accelerometers, velocity meters and 
LVDTs are shown in the same figure. 
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Figure 5.4 – Shake table test on SAWR and SAWV wall specimens 
 
The experimental procedures in the wall specimens consist of 5 random excitations in the increasing 
amount of amplitude with some hammer tests and push and snap back tests with hand before and 
after the excitations. The hammer tests and the push tests were carried out in two steps so that the 
average of the results could be taken (Table 4.3) 
After the Level 4 shaking (Step No 6), the unreinforced specimens (SAWV) showed minor cracking 
along the mortar joint at the base of the specimen. It was expected that the specimen would collapse 
(or damage) in a couple of shaking.  
Due to this, the amplitude for the next shaking was increased to a much higher value than the 
previous increments. This was because the final excitations should be on the undamaged specimens 
(or little damaged specimens) and that the maximum effect could be studied with this level of shaking.  
The hammer tests and hand push tests were performed before and after the final level of shaking to 
understand the damage and the subsequent change in the properties of the structure. 
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Figure 5.5 – Wall specimens (SAWR and SAWV) on shake table 
 
Table 5.2 – Step-by-step procedure-Shake table experiment on Walls 
Sl No Test Description Specification 
1 a) wall_hammer_SAWR Impact with hammer on top of  
SAWR wall 
0001, 0002- top & centre 
0003, 0004- top & edge 
b) wall_hammer_SAWV Impact with hammer on top of 
SAWV wall 
0001, 0002- top & centre 
0003, 0004- top & edge 
2 a) wall_hand_SAWR Push and snap back test with fist 
on top of SAWR wall 
0001 - top & centre 
 
b) wall_hand_SAWV Push and snap back test with fist 
on top of SAWV wall 
0001 - top & centre 
 
3  wall_random_0001 Level 1 - Random signal with 
amplitude set 0.010 V 
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4  wall_random_0002 Level 2 - Random signal with 
amplitude set 0.050 V 
 
5  wall_random_0003 Level 1 - Random signal with 
amplitude set 0.100 V 
 
6  wall_random_0004 Level 4 - Random signal with 
amplitude set 0.150 V 
 
7 a) wall_hammer_SAWR Impact with hammer on top of  
SAWR wall 
0005, 0006- top & centre 
 
 b) wall_hammer_SAWV Impact with hammer on top of  
SAWV wall 
0005, 0006- top & centre 
 
8  wall_random_0005 Level 5 - Random signal with 
amplitude set 0.300 V 
 
9 a) wall_hammer_SAWR Impact with hammer on top of  
SAWR wall 
0007, 0008- top & centre 
 
 b) wall_hammer_SAWV Impact with hammer on top of  
SAWV wall 
0007, 0008- top & centre 
 
 
5.4.2 Column specimens 
The column specimens, ACR and ACV were also placed in the shake table one after the other for 
carrying out the tests as shown in Figure 4.8 The experimental procedures in the column specimens 
consist of 7 random excitations in the increasing amount of amplitude with some hammer tests and 
push and snap back tests with hand before and after the excitations. In this case also, the hammer 
tests and the push tests were carried out in minimum of two steps so that the average of the results 
could be taken, but at some steps, more tests were done suspecting an erroneous result in the 
previous test. (Table 4.3) 
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Figure 5.6 – Shake table test on ACV and ACR column specimens 
 
After the Level 6 shaking (Step No 6), minor cracks were seen in the unreinforced specimens (ACV) 
along the mortar joint at the base of the specimen, but this time not at the base of the specimen, but at 
a layer in the ¾ height. This was expected to be due to the ‘excessive deformation’ (relative) causing a 
local damage in a layer of weak joint. 
The amplitude for the next shaking was increased in the same way as that of the previous increments, 
unlike the wall specimens. It was suspected that the specimen would collapse (or damage) in the next 
shaking even if it is with a low increment. As expected, the bricks above the weak layer got detached 
from the rest of the specimen.  
The hammer tests and hand push tests were performed before and after the final level of shaking to 
understand the damage and the subsequent change in the properties of the structure. Since the ACV 
specimen was damaged beyond the expected level hammer tests couldn’t be performed in them. 
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Figure 5.7 – Column specimens ACR and ACV in shake table 
 
Table 5.3 – Step-by-step procedure-Shake table experiment-Column 
Sl No Test Description Specification 
1 a) column_hammer_ACR Impact with hammer on top of  
ACR column 
0001, 0002, 0003 - top & 
centre 
b) column_hammer_ACV Impact with hammer on top of  
ACV column 
0001, 0002- top & centre 
 
2 a) column_hand_ ACR Push and snap back test with fist 
on top of SAWR wall 
0001, 0002 - top & centre  
b) column_hand_ ACV Push and snap back test with fist 
on top of SAWV wall 
0001, 0002, 0003, 0004, 
0005 - top & centre  
3  column_random_0001 Level 1 - Random signal with 
amplitude set 0.010 V 
 
4  column_random_0002 Level 2 - Random signal with  
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amplitude set 0.020 V 
5  column_random_0003 Level 3 - Random signal with 
amplitude set 0.050 V 
 
6  column_random_0004 Level 4 - Random signal with 
amplitude set 0.075 V 
 
7  column_random_0005 Level 5 - Random signal with 
amplitude set 0.100 V 
 
8  column_random_0006 Level 5 - Random signal with 
amplitude set 0.125 V 
 
9  column_random_0007 Level 5 - Random signal with 
amplitude set 0.150 V 
 
10 a) column_hammer_ACR Impact with hammer on top of  
ACR 
0004, 0005- top & centre 
 
 b) column_hammer_ACV Did not carry out due to failure of 
specimen 
- 
 
5.5 Concluding remarks 
The effects of the reinforcing mortar were clearly evident from the shake table experiments. The 
unreinforced collapsed with dislocation of the bricks where as the reinforced specimens could with 
stand the final shaking with relatively minor damage. Please refer to the video footage submitted in 
electronic format along with this thesis. 
More qualitative representation of the results is presented in the next chapter. 
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6. DISCUSSIONS ON SHAKE TABLE TESTS 
6.1 Overview 
In the previous chapter, the detailed test procedure of the shake table experiments on the wall and 
column specimens are presented. The results of the shake table tests carried out on these specimens 
are presented in this chapter.  
6.2 Failure of specimens 
This session explains the damage patterns that occurred on the specimens during the shaking. Even 
though the specimens do not collapse catastrophically, cracks were formed at the mortar interface 
resulting in the dislocation of the layers of bricks above this. This was very much evident in the virgin 
specimens (unreinforced specimens) as the dislocation was clearly visible during the experiments. In 
the case of reinforced specimens, the cracks at the interface also occurred but the dislocation of the 
bricks were prevented by the confining effect of the reinforced mortar layer.  
6.2.1 Wall specimens 
The wall specimens were subjected to 5 different levels of shaking in the increasing level of amplitude. 
In order to get a feel of the shaking, the standard deviation of the acceleration is calculated and is 
added to the mean value of the acceleration (mean value of acceleration is zero in the case of a 
registration corrected for baseline). The maximum acceleration of the table measured by the 5th 
accelerogram would be peak ground acceleration and could be a better representation than the 
standard deviation of the acceleration values. But, a common parameter is required to qualitatively 
represent the acceleration in table as well as the two specimens. That’s why the standard deviation is 
represented in this plot. It should be clearly understood that this is a representative plot and is not 
used for any design or evaluation purposes.  
The plot of standard deviation of acceleration for each level of shaking is shown in Figure 6.1. 
It could be clearly understood that the acceleration of the table was incremented in a linear way up to 
the fourth shaking. In the previous chapter, it was explained that the cracking of the mortar became 
evident and clear during the shaking level 4. This explains that both the specimens were behaving 
linearly up to shaking level 4 as seen in the figure.  
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Figure 6.1 – Variation of Acceleration for walls for each level of shaking 
 
The difference in the acceleration between the two specimens is because of their difference in the 
natural frequencies and the damping ratios as explained in the subsequent sessions. 
The amplitude of the level 5 was kept a higher increment than the previous increments. The maximum 
acceleration for the level 5 also moved from the linear path to a higher value. 
      
Figure 6.2 – Specimens ACR and ACV after final level (5th level) of shaking ( Far end view) 
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Figure 6.3 – Dislocation of top layer of bricks in SAWV and effect of confinement in SAWR (Top view) 
 
The collapse of SAWV was due to dislocation of the bricks as seen in Figure 6.2. As explained 
previously, the dislocation of the bricks caused by 5th level of shaking was caused by the cracks in the 
mortar layer in the 4th level of shaking. It could also be seen that the crack in the bottom most layer in 
SAWR specimen occured at shaking level 4. But due to the confining effect of the mortar layer, the 
dislocation of the bricks were totally eliminated in SAWR specimens. This leads to the conclusion that 
the real effect of reinforced mortar layers commenses after cracking in the mortar layers. 
6.2.2 Column specimens 
The plot of standard deviation of acceleration for each level of shaking for the column specimens is 
shown in Figure 6.4. 
Unlike the wall specimens, the levels of shaking in columns specimens were incremented in non-linear 
way. This can be understood from the variation of acceleration for the shake table in Figure 6.4. The 
variation of acceleration for the column specimens ACV and ACR were also non-linear as seen in the 
figure. During the shaking in level 2 to level 5, ACR showed higher acceleration than ACV probably 
due to the reason that the crack in ACR happened in the bottom-most layer where as that in ACV 
happened in the 4th layer. But at level 6 where the cracking in both the specimens initiate, the 
acceleration in the column ACV is higher than that of ACR. At final shaking level (level 7), the 
acceleration value for ACV goes up very high but that for ACR follows the same trend as that of the 
previous cases. 
Similar to the wall specimens, the column specimens also cracked at the same level of shaking (level 
6) but ACR specimens didn’t undergo collapse because of the confining effect of the reinforced mortar 
layer. But the specimen ACV underwent severe shaking in the last level and dislocation of a few layers 
of bricks occurred leading to the collapse. 
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Figure 6.4 – Variation of Acceleration for columns for each level of shaking 
 
 
Figure 6.5 – Specimens ACR and ACV after final level (7th level) of shaking 
6.3 Processing of the data 
This session explains the methodology to process the data obtained from the shake table 
experiments. The accelerations were corrected by using the tool SeismoSignal™ (developed by 
SeismoSoft). The corrected data is exported into Matlab developed by Mathworks™. The Matlab code 
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is shown in Appendix. The Fast Fourier transforms would give the dominant frequencies for each test 
or shaking. The Bode plots and the nyquist plots are also made for each level of shaking. 
6.3.1 Wall specimen 
The Bode diagram and Nyquist diagram for different levels of shaking for the wall specimen are shown 
below (Figure 6.6 and Figure 6.7). The blue ones (with firm lines) represent SAWR specimen 
measured by the accelerometers Acc1 and Acc2 where as the red ones (with dotted lines) represent 
SAWV specimen measured by the accelerometers Acc3 and Acc4. The accelerations measured at 
accelerometers Acc1 to Acc4 are the output signals whereas that measured at accelerometer Acc5 
(Table) is the input signal. The transfer function has also been calculated. 
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Figure 6.6 – Bode Diagram for each level of shaking-Wall specimens 
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Figure 6.7 – Nyquist Diagram for each level of shaking-Wall specimens 
6.3.2 Column specimen 
The Bode diagram and Nyquist diagram for different levels of shaking for the column specimen are 
shown below (Figure 6.8 and Figure 6.9). The blue ones (with firm lines) represent ACR specimen 
measured by the accelerometers Acc1 and Acc2 where as the red ones (with dotted lines) represent 
ACV specimen measured by the accelerometers Acc3 and Acc4. The accelerations measured at 
accelerometers Acc1 to Acc4 are the output signals whereas that measured at accelerometer Acc5 
(Table) is the input signal. The transfer function has also been calculated. 
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Figure 6.8 – Bode Diagram for each level of shaking-Column specimens 
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Figure 6.9 – Nyquist Diagram for each level of shaking-Column specimens 
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6.4 Displacement of top 
This session discusses the displacement values for the column and wall specimens. The displacement 
were found by using the tool SeismoSignal™ developed by SeismoSoft. The baseline correction has 
been performed after importing the registration into the tool.  
6.4.1 Wall specimens 
The Figures 6.10 and 6.11 show the variation of maximum and minimum displacement for each level 
of shaking. The plots reveal that the maximum and minimum displacements were linear till the first 
cracking (at level 4). After the cracking, the effect of the confinement offered by the reinforcing mortar 
commences and prevents further propagation of crack and brittle collapse.  
 
Figure 6.10 – Variation of maximum displacement for each level of shaking - walls 
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Figure 6.11 – Variation of minimum displacement for each level of shaking – walls 
 
6.4.2 Column specimens 
The column specimens did not follow a linear increment in displacement unlike the wall specimens as 
seen in Figure 6.12 and 6.13. For the positive displacement, both specimens follow more or less the 
same trend but for negative displacement, ACV moves drastically after cracking. The reason could be 
due to the fact that the detachment of the brick block (above the failure mortar joint) occurred towards 
negative side but was remained intact towards positive side and thus showed a large displacement 
towards negative side. 
ACR specimen follows the same trend for both positive and negative displacement (except for the odd 
value at minimum displacement for 4th level of shaking) and clearly explains the confining effect 
offered by the reinforced mortar. 
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Figure 6.12 – Variation of maximum displacement for each level of shaking - columns 
 
 
Figure 6.13 – Variation of minimum displacement for each level of shaking - columns 
 
6.5 Natural frequency 
This session discusses the variation of natural frequencies values for the column and wall specimens. 
A program was written in Matlab® developed by Mathworks (See the appendix for the code). The 
Fourier Transforms, Bode plots and nyquist plots were made for each acceleration-time registration. 
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The fundamental frequencies were calculated from the Bode diagrams. The damping was also 
calculated from Bode diagram. 
6.5.1 Wall specimens 
Figure 6.14 shows the variation of natural frequency for the wall specimen calculated by the hammer 
test and the hand push test. Figure 6.15 shows the variation of natural frequency for each level of 
shaking. Both the histograms show that there is a general trend of decrease in the natural frequency 
as the amplitude of shaking increased (except for the peak at the final shaking and hammer test 
thereafter as well as the lone peak for SAWR in stage 2 in Figure 6.14).  
The lone peak could be attributed to experimental errors but the increase in the fundamental 
frequency at the last level of shaking is explained here.  
It is noted that the cracking which appeared in shaking level 4 propagated and has caused dislocation 
of a block of bricks in the shaking level 5. During shaking 5, a block of the detached block was resting 
over the main block as though a mass is being placed over a smaller sized specimen. This might have 
changed the mode shape and fundamental natural frequency as the structure is not the same as the 
previous cases. 
 
Figure 6.14 - Variation of natural frequency of wall specimens calculated by hammer/hand tests (1) 
Initial stage (before level 1) (2) After cracking in SAWV (after level 4) (3) After damage in SAWV (after 
level 5) 
 
Strengthening of structural elements of adobe constructions against seismic loads 
 
 
Erasmus Mundus Programme 
78 ADVANCED MASTERS IN STRUCTURAL ANALYSIS OF MONUMENTS AND HISTORICAL CONSTRUCTIONS 
 
Figure 6.15 - Variation of natural frequency of wall specimens calculated by shake table tests (1) 
Random-Level 1, (2) Random-Level 2, (3) Random-Level 3, (4) Random-Level 4, (5) Random-Level 5 
 
6.5.2 Column specimens 
The column specimens also show a reduction in the natural frequency as the amplitude of the shaking 
increased. It is interesting to note that the reduction in the natural frequency is sudden in ACV where 
as it is gradual in ACR, indicating that the specimen ACV might have underwent external and internal 
cracking but the specimen ACR has less cracking (Figure 6.16 & Figure 6.17). 
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Figure 6.16 - Variation of natural frequency of column specimens calculated by hammer/hand tests (1) 
Initial stage-Hammer (before level 1) (2) Initial stage-Push & snap back (before level 1) (3) Final stage 
(after level 7) 
 
 
Figure 6.17 - Variation of Natural frequency of column specimens calculated by shake table tests (1) 
Random - Level 1 (2) Random - Level 2 (3) Random-Level 3 (4) Random-Level 4 (5) Random-Level 5 
(6) Random-Level 6 (7) Random-Level 7 
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6.6 Damping ratio 
The damping ratio has been calculated for the circular frequency which corresponds to the peak value 
of magnitude in the Bode diagram. This calculation was included in the Matlab code (which is shown in 
the appendix). 
 
6.6.1 Wall specimens 
The damping ratio has been calculated for the wall specimens. The variation of damping ratios for 
each level of shaking is as shown below. It could be seen from this figure that the increase in the virgin 
specimens are much sudden and steep than the reinforced specimens (Figure 6.18).   
 
Figure 6.18 - Variation of Damping ratio of wall specimens calculated by shake table tests (1) Random 
- Level 1 (2) Random - Level 2 (3) Random-Level 3 (4) Random-Level 4 (5) Random-Level 5 
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7. SUMMARY AND CONCLUSIONS 
 
The adobe constructions are made worldwide because of various advantages over other construction 
materials. Around 30 % of world’s population lives in adobe constructions and most of these 
constructions are in moderate and high seismic zones.  
Vulnerability of earthen buildings to earthquakes is mainly because of the low strength and fragile 
behavior of their walls. Inhabitants of earthen houses in the seismic areas of the world, most of them 
poor, therefore live under unacceptable risk. There has been a great quest for the studies in adobe 
constructions against seismic loads over the last 4-5 decades. 
7.1 Summary of this work 
This thesis reviews the various reinforcing methodologies adopted in the past. It also explains the 
behaviour of adobe constructions against earthquakes and the basic principle of reinforcing strategies. 
Preliminary cyclic tests have been carried out on large walls reinforced with polyethylene nets to 
understand their behaviour in the in-plane direction. 
Shake table experiments has been carried out on columns and walls of adobe constructions. 
Unreinforced and reinforced specimens of same type are kept in shake table, one after the other and 
were subjected to random excitations of 0-40 Hz. The results of the experimental study have been 
explained in the previous chapter. 
The seismic behaviour of the reinforced structural elements was quite good, because although the 
elements underwent damages, the reinforcement system was able to hold the pieces together and 
collapse was therefore averted. 
7.2 Major conclusions 
The results of the experimental investigations are explained in detail in the previous chapter. This 
session outlines various conclusions (in a broad manner) derived out of this study. 
1. Preliminary cyclic tests on large walls reinforced with polyethylene nets revealed their 
effectiveness in the in-plane direction. 
2. The confining effect of the mortar reinforced with polyethylene nets on the large wall specimens 
was clearly evident from their failure modes. The unreinforced wall followed a typical failure 
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pattern of normal brick walls subjected to combined compression and shear where as the 
reinforced specimen could withstand this load with minor damage in the in-plane direction. There 
was dislocation of bricks in the out-of plane direction, which led to the shake table tests on walls in 
the out-of-plane direction. 
3. The confinement offered by the mortar reinforced with polyethylene nets assisted in the much 
improved behaviour of reinforced walls. The bricks in the unreinforced specimens got dislocated 
from their original counterpart whereas the confining effect prevented the dislocation of bricks in 
the reinforced specimens. 
4. Both the specimens behaved linearly up to cracking. This leads to the conclusion that the 
reinforced mortar layer becomes active and takes part in the load transfer after the cracking of the 
bricks or mortar joints. 
5. The reinforced specimens showed much lesser defection at the top over the unreinforced. This 
would limit the structure to be within the serviceability limit states. 
6. The changes in the natural frequencies upon loading reveal that there are minor cracks and 
internal damages. This change in frequency is more sudden in virgin specimens where as that in 
reinforced specimens are gradual.  
7.3 Scope for future work 
The experimental works were carried out on small specimens. In order to understand the size effect 
and to quantify the effect of reinforcement properly, more experimental work is required. 
1. Properly scaled specimens following geometric similitude as that of the structural elements seen in 
typical adobe buildings are required.  
2. Full scale models are required to account for the size effect.  
Development of a reliable numerical model through nonlinear heterogeneous FE modeling is required. 
The model should be properly validated using data from experimental testing. 
Also, extensive parametric studies (using FEA) to assess a broad range of design variables are also 
called for. The outcome of this can be used in development of design guidelines and standards of 
practice. 
7.4 Concluding comments 
Preservation and strengthening of a historical monument at a particular site is important as it 
represents the cultural value of the community living in that area. But preservation and strengthening 
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of low cost construction methodologies is much more important as this deal with the safety of life of 
many low income people living in that area.  
More and more research should be carried out in the field of safe ‘non engineered construction’ and 
more importantly the outcome of the research should be implemented in the field. 
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9. APPENDIX 
 
9.1 Matlab code 
The program written in Matlab is shown here. This code is for the set of values for wall_random_0002 
 
% Import the data manually using ‘import data’ and assign the variables appropriately 
figure; plot(t,a,'b') 
xlabel('Time (sec)') 
ylabel('Acceleration at Acc1') 
grid on 
figure; plot(t,b,'b') 
xlabel('Time (sec)') 
ylabel('Acceleration at Acc2') 
grid on 
figure; plot(t,c,'r') 
xlabel('Time (sec)') 
ylabel('Acceleration at Acc3') 
grid on 
figure; plot(t,d,'r') 
xlabel('Time (sec)') 
ylabel('Acceleration at Acc4') 
grid on 
figure; plot(t,u,'c') 
xlabel('Time (sec)') 
ylabel('Acceleration at Table') 
L= 49251;          % Correct to match with input 
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Fs=1000; 
  
% fft 
NFFT = 2^nextpow2(L); % Next power of 2 from length of y 
U1 = fft(u,NFFT)/L; 
A1 = fft(a,NFFT)/L; 
B1 = fft(b,NFFT)/L; 
C1 = fft(c,NFFT)/L; 
D1 = fft(d,NFFT)/L; 
  
v = Fs/2*linspace(0,1,NFFT/2+1); 
  
% Plot single-sided amplitude spectrum of a. 
grid on 
figure; semilogx(v,2*abs(A1(1:NFFT/2+1)), 'b')  
title('Single-Sided Amplitude Spectrum of a') 
xlabel('Frequency (Hz)') 
ylabel('|Y(f)|') 
  
% Plot single-sided amplitude spectrum of b. 
grid on 
figure; semilogx(v,2*abs(B1(1:NFFT/2+1)), 'b')  
title('Single-Sided Amplitude Spectrum of b') 
xlabel('Frequency (Hz)') 
ylabel('|Y(f)|') 
  
% Plot single-sided amplitude spectrum of c. 
grid on 
figure; semilogx(v,2*abs(C1(1:NFFT/2+1)), 'r')  
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title('Single-Sided Amplitude Spectrum of c') 
xlabel('Frequency (Hz)') 
ylabel('|Y(f)|') 
  
% Plot single-sided amplitude spectrum of d. 
grid on 
figure; semilogx(v,2*abs(D1(1:NFFT/2+1)), 'r')  
title('Single-Sided Amplitude Spectrum of d') 
xlabel('Frequency (Hz)') 
ylabel('|Y(f)|') 
  
% Plot single-sided amplitude spectrum of u. 
grid on 
figure; semilogx(v,2*abs(U1(1:NFFT/2+1)),'c')  
title('Single-Sided Amplitude Spectrum of u') 
xlabel('Frequency (Hz)') 
ylabel('|Y(f)|') 
  
% Transfer Function and Bode Plot 
data1 = iddata(a,u,0.001); 
data2 = iddata(b,u,0.001); 
data3 = iddata(c,u,0.001); 
data4 = iddata(d,u,0.001); 
m1 = arx(data1,[5, 2, 1]); 
m2 = arx(data2,[5, 2, 1]); 
m3 = arx(data3,[5, 2, 1]); 
m4 = arx(data4,[5, 2, 1]); 
M1=tf(m1,'m') 
M2=tf(m2,'m') 
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M3=tf(m3,'m') 
M4=tf(m4,'m') 
F1=d2c(M1, 'zoh'); 
F2=d2c(M2, 'zoh'); 
F3=d2c(M3, 'zoh'); 
F4=d2c(M4, 'zoh'); 
grid on 
figure; bode(F1, 'b', F2, 'b', F3, 'r--',F4, 'r--', {10,1000}) 
%figure; ffplot(F1, 'r', F2, 'g', F3, 'b--',F4 , 'y--') 
grid on 
figure; nyquist(F1, 'b', F2, 'b', F3, 'r--',F4 , 'r--') 
grid on 
L1=lsim(F1,u,0:0.001:49.25);   % Correct to match with input 
L2=lsim(F2,u,0:0.001:49.25);   % Correct to match with input 
L3=lsim(F3,u,0:0.001:49.25);   % Correct to match with input 
L4=lsim(F4,u,0:0.001:49.25);   % Correct to match with input 
damp(F1); damp(F2); damp(F3); damp(F4); 
 
 
9.2 Plots 
The plots are made for wall_random_0002 by running the Matlab code. The colour codes are Blue- 
Acc1 (SAWR/ACR Right), Green-Acc2 (SAWV/ACV Left), Red- Acc3 (SAWV/ACV Right), Yellow-Acc4 
(SAWV/ACV Left) and Cyan- Acc5 (Shake table). 
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Figure 9.1 - Acceleration-time for SAWR for shaking level 2 recorded by (a) Acc1 and (b) Acc2 
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Figure 9.2 - Acceleration-time for SAWV for shaking level 2 recorded by (a) Acc3 and (b) Acc4 
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Figure 9.3 - Acceleration-time for TABLE for shaking level 2 recorded by Acc5 
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Figure 9.4 - Fast Fourier Transform for SAWR for shaking level 2 (calculated from accelerations 
recorded by Acc1 and Acc2) 
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Figure 9.5 - Fast Fourier Transform for SAWV for shaking level 2 (calculated from accelerations 
recorded by Acc3 and Acc4) 
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Figure 9.6 - Fast Fourier Transform for TABLE for shaking level 2 (calculated from accelerations 
recorded by Acc5) 
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Figure 9.7 - Bode plot for shaking level 2 
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Figure 9.8 - Nyquist plot for shaking level 2 
 
9.3 Outputs 
The outputs are executing the Matlab code for Random 2 for the wall specimen is as follows: 
 
Transfer function from input "u1" to output "y1": 
               -0.01899 z^4 + 0.01403 z^3 
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--------------------------------------------------------- 
z^5 - 1.078 z^4 - 4.471 z^3 + 10.24 z^2 - 7.731 z + 2.042 
  
Sampling time (seconds): 0.001 
  
Transfer function from input "u1" to output "y1": 
               -0.02078 z^4 + 0.01527 z^3 
--------------------------------------------------------- 
z^5 - 1.224 z^4 - 3.818 z^3 + 9.169 z^2 - 6.957 z + 1.835 
  
Sampling time (seconds): 0.001 
  
Transfer function from input "u1" to output "y1": 
               0.01346 z^4 - 0.007416 z^3 
--------------------------------------------------------- 
z^5 - 1.859 z^4 - 1.428 z^3 + 6.047 z^2 - 5.345 z + 1.591 
  
Sampling time (seconds): 0.001 
  
Transfer function from input "u1" to output "y1": 
                0.01843 z^4 - 0.01191 z^3 
--------------------------------------------------------- 
z^5 - 1.301 z^4 - 3.577 z^3 + 9.178 z^2 - 7.394 z + 2.099 
 
        Eigenvalue            Damping     Freq. (rad/s)   
-8.38e+000 + 1.32e+002i     6.35e-002      1.32e+002     
 -8.38e+000 - 1.32e+002i     6.35e-002      1.32e+002     
 -1.15e+002 + 2.59e+002i     4.05e-001      2.83e+002     
 -1.15e+002 - 2.59e+002i     4.05e-001      2.83e+002     
Strengthening of structural elements of adobe constructions against seismic loads 
 
 
Erasmus Mundus Programme 
ADVANCED MASTERS IN STRUCTURAL ANALYSIS OF MONUMENTS AND HISTORICAL CONSTRUCTIONS 97 
  9.60e+002 + 3.14e+003i    -2.92e-001      3.29e+003     
  9.60e+002 - 3.14e+003i    -2.92e-001      3.29e+003     
                                                          
        Eigenvalue            Damping     Freq. (rad/s)   
-8.91e+000 + 1.33e+002i     6.69e-002      1.33e+002     
 -8.91e+000 - 1.33e+002i     6.69e-002      1.33e+002     
 -1.32e+002 + 2.66e+002i     4.44e-001      2.97e+002     
 -1.32e+002 - 2.66e+002i     4.44e-001      2.97e+002     
  8.89e+002 + 3.14e+003i    -2.72e-001      3.26e+003     
  8.89e+002 - 3.14e+003i    -2.72e-001      3.26e+003     
                                                          
        Eigenvalue            Damping     Freq. (rad/s)   
-1.15e+001 + 9.89e+001i     1.15e-001      9.95e+001     
 -1.15e+001 - 9.89e+001i     1.15e-001      9.95e+001     
 -5.39e+001 + 4.52e+002i     1.19e-001      4.55e+002     
 -5.39e+001 - 4.52e+002i     1.19e-001      4.55e+002     
  5.95e+002 + 3.14e+003i    -1.86e-001      3.20e+003     
  5.95e+002 - 3.14e+003i    -1.86e-001      3.20e+003     
                                                          
        Eigenvalue            Damping     Freq. (rad/s)   
-1.21e+001 + 9.79e+001i     1.23e-001      9.86e+001     
 -1.21e+001 - 9.79e+001i     1.23e-001      9.86e+001     
 -5.40e+001 + 4.21e+002i     1.27e-001      4.25e+002     
 -5.40e+001 - 4.21e+002i     1.27e-001      4.25e+002     
  8.73e+002 + 3.14e+003i    -2.68e-001      3.26e+003     
  8.73e+002 - 3.14e+003i    -2.68e-001      3.26e+003     
 
